Histones are ubiquitinated in response to DNA double-strand breaks (DSB), promoting recruitment of repair proteins to chromatin 1 . UBC13 (also known as UBE2N) is a ubiquitin-conjugating enzyme (E2) that heterodimerizes with UEV1A 2 (also known as UBE2V1) and synthesizes K63-linked polyubiquitin (K63Ub) chains at DSB sites in concert with the ubiquitin ligase (E3), RNF168 (ref. 3). K63Ub synthesis is regulated in a non-canonical manner by the deubiquitinating enzyme, OTUB1 (OTU domain-containing ubiquitin aldehydebinding protein 1), which binds preferentially to the UBC13 Ub thiolester . Here we describe structural and biochemical studies elucidating how OTUB1 inhibits UBC13 and other E2 enzymes. We unexpectedly find that OTUB1 binding to UBC13 Ub is allosterically regulated by free ubiquitin, which binds to a second site in OTUB1 and increases its affinity for UBC13 Ub, while at the same time disrupting interactions with UEV1A in a manner that depends on the OTUB1 N terminus. Crystal structures of an OTUB1-UBC13 complex and of OTUB1 bound to ubiquitin aldehyde and a chemical UBC13 Ub conjugate show that binding of free ubiquitin to OTUB1 triggers conformational changes in the OTU domain and formation of a ubiquitinbinding helix in the N terminus, thus promoting binding of the conjugated donor ubiquitin in UBC13 Ub to OTUB1. The donor ubiquitin thus cannot interact with the E2 enzyme, which has been shown to be important for ubiquitin transfer 6, 7 . The N-terminal helix of OTUB1 is positioned to interfere with UEV1A binding to UBC13, as well as with attack on the thiolester by an acceptor ubiquitin, thereby inhibiting K63Ub synthesis. OTUB1 binding also occludes the RING E3 binding site on UBC13, thus providing a further component of inhibition. The general features of the inhibition mechanism explain how OTUB1 inhibits other E2 enzymes 4 in a non-catalytic manner.
Histones are ubiquitinated in response to DNA double-strand breaks (DSB), promoting recruitment of repair proteins to chromatin 1 . UBC13 (also known as UBE2N) is a ubiquitin-conjugating enzyme (E2) that heterodimerizes with UEV1A 2 (also known as UBE2V1) and synthesizes K63-linked polyubiquitin (K63Ub) chains at DSB sites in concert with the ubiquitin ligase (E3), RNF168 (ref. 3) . K63Ub synthesis is regulated in a non-canonical manner by the deubiquitinating enzyme, OTUB1 (OTU domain-containing ubiquitin aldehydebinding protein 1), which binds preferentially to the UBC13 Ub thiolester 4 . Residues amino-terminal to the OTU domain, which had been implicated in ubiquitin binding 4 , are required for binding to UBC13 Ub and inhibition of K63Ub synthesis 5 . Here we describe structural and biochemical studies elucidating how OTUB1 inhibits UBC13 and other E2 enzymes. We unexpectedly find that OTUB1 binding to UBC13 Ub is allosterically regulated by free ubiquitin, which binds to a second site in OTUB1 and increases its affinity for UBC13 Ub, while at the same time disrupting interactions with UEV1A in a manner that depends on the OTUB1 N terminus. Crystal structures of an OTUB1-UBC13 complex and of OTUB1 bound to ubiquitin aldehyde and a chemical UBC13 Ub conjugate show that binding of free ubiquitin to OTUB1 triggers conformational changes in the OTU domain and formation of a ubiquitinbinding helix in the N terminus, thus promoting binding of the conjugated donor ubiquitin in UBC13 Ub to OTUB1. The donor ubiquitin thus cannot interact with the E2 enzyme, which has been shown to be important for ubiquitin transfer 6, 7 . The N-terminal helix of OTUB1 is positioned to interfere with UEV1A binding to UBC13, as well as with attack on the thiolester by an acceptor ubiquitin, thereby inhibiting K63Ub synthesis. OTUB1 binding also occludes the RING E3 binding site on UBC13, thus providing a further component of inhibition. The general features of the inhibition mechanism explain how OTUB1 inhibits other E2 enzymes 4 in a non-catalytic manner.
OTUB1 was previously identified as a K48 linkage-specific deubiquitinating enzyme that contains two distinct ubiquitin-binding sites ( Fig. 1a) : a distal site and a proximal site that includes the ,45 N-terminal residues of OTUB1 (ref. 5 ). These residues are important for OTUB1 inhibition of E2 activity 4 and are absent in OTUB2, which does not inhibit UBC13 (ref. 4) . It was previously shown that binding of the covalent inhibitor, ubiquitin aldehyde (Ubal), to the distal ubiquitin-binding site of OTUB1 stimulates binding of ubiquitin vinyl sulfone to the N terminus 5 . Because the OTUB1 N terminus was implicated in binding to the donor ubiquitin in the UBC13,Ub conjugate 4 , we asked whether Ubal binding to OTUB1 could enhance inhibition of UBC13 by stimulating binding of the OTUB1 N terminus to the donor ubiquitin. The results (Fig. 1b) showed a marked enhancement of the ability of OTUB1 to suppress K63Ub synthesis, indicating that Ubal is an allosteric effector that increases the affinity of the OTUB1 N terminus for the ubiquitin in the UBC13,Ub thiolester. This prompted us to ask whether free ubiquitin binding to the OTUB1 distal site could similarly stimulate binding of OTUB1 to UBC13,Ub conjugates. To test this, we generated a mixture of charged and uncharged UBC13(C87S), which forms a more stable UBC13,Ub oxyester, purified away the free ubiquitin, and performed pull-down assays with H 6 -OTUB1 in the presence and absence of added free ubiquitin. Remarkably, OTUB1 shows no preference for the charged UBC13,Ub in the absence of ubiquitin, whereas addition of 100 mM free ubiquitin greatly enhances OTUB1 binding to UBC13,Ub, but not to uncharged UBC13 (Fig. 1c) . By contrast, ubiquitin bearing hydrophobic patch mutations I44A, L8A or L8A/I44A/R42A (but not R42A alone) do not stimulate OTUB1 binding to UBC13,Ub like wild-type ubiquitin (Fig. 1c) . The relative binding of OTUB1 to UBC13,Ub increases as the concentration of free ubiquitin is increased from 2 to 50 mM ( Supplementary Fig. 2 ). To verify that ubiquitin binding to the distal site of OTUB1 is important for inhibition of UBC13, we assayed the effect of distal site mutations, which were chosen based on structures of a covalent yeast Otu1-ubiquitin complex 8 and of human OTUB1 (ref. 9). Distal site substitutions F193W, F193R and H217W disrupted the ability of OTUB1 to inhibit polyubiquitination by UBC13-UEV1A (Fig. 1d ) without affecting binding of OTUB1 to UBC13 (Supplementary Fig. 3 ). Taken together, our results indicate that the ability of OTUB1 to bind preferentially to the UBC13,Ub conjugate and inhibit ubiquitin transfer is allosterically regulated by free ubiquitin binding to the distal site of OTUB1 (Fig. 1a) , which triggers capture of the conjugated ubiquitin in the OTUB1 proximal site.
Because ubiquitin aldehyde most probably enhances interactions between the OTUB1 N terminus and the donor ubiquitin in UBC13,Ub, we examined the effect of N-terminal deletions in OTUB1 to delimit the minimal fragment needed for binding and inhibition. Deletion of residues 1-15 has no effect on inhibition of K63Ub synthesis by UBC13-UEV1A (Fig. 1e) whereas deletion of 30, 37 or 41 residues significantly disrupts inhibition. The OTUB1D15 deletion similarly behaves like full-length OTUB1 in pull-downs with the UBC13,Ub conjugate whereas larger deletions exhibit defects ( Supplementary Fig. 4 ), indicating that N-terminal residues 16-45 are sufficient for activity.
Because a UEV (ubiquitin E2 variant) must bind to UBC13 and position the acceptor ubiquitin for K63Ub synthesis to occur 10 , we asked whether OTUB1 could bind to UBC13 in the presence of UEV1A. In gel filtration assays using fluorescently labelled UEV1A, OTUB1 and uncharged UBC13 migrate as a ternary complex with UEV1A (Fig. 1f) . To assay binding to charged UBC13, we generated a non-hydrolysable conjugate in which Ub with a carboxy-terminal G75C is covalently linked to the active-site cysteine of UBC13 with dichloroacetone (DCA) 11 . UEV1A binds to UBC13 DCA ,Ub but OTUB1-Ubal interferes with UEV1A binding to the UBC13 DCA ,Ub conjugate (Fig. 1g) . By contrast, the N-terminal deletion, OTUB1D37, can still form a complex with UBC13 comparing migration of a sample containing labelled UEV1, UBC13 DCA ,Ub and OTUB1 prepared in the presence and absence of free ubiquitin and found that the ratio of free UEV1 to UEV1-UBC13 DCA ,Ub-OTUB1 increases when ubiquitin is present (Fig. 1i) . Similarly, pull-downs with H 6 -OTUB1 do not show an enhancement in coprecipitation of UEV1A along with UBC13,Ub in the presence of added free ubiquitin ( Supplementary Fig. 5 ). These results indicate that the N terminus of OTUB1 interferes with UEV binding and thus with K63Ub synthesis, and that the ability of the N terminus to interfere with UEV depends upon a conformational change that is triggered by binding of free ubiquitin to OTUB1.
To determine the structural basis for OTUB1 inhibition of E2 enzymes, and how ubiquitin allosterically regulates OTUB1 activity, we determined the structure of Caenorhabditis elegans OTUB1 (worm OTUB1) bound to human UBC13 at 1.8 Å resolution (Fig. 2a) , and a 2.35 Å resolution quaternary complex structure containing worm OTUB1, Ubal and a UBC13 DCA ,Ub conjugate generated with Ub(G76C). The resulting non-native linkage is four bond lengths longer than the native thiolester ( Supplementary Fig. 6 ). Human UBC13 is 89% identical to worm UBC13, whereas human OTUB1 shares 34% sequence identity and 56% similarity with worm OTUB1 (Supplementary Fig. 7 ) and inhibits K63Ub chain formation by human UBC13-UEV1A ( Supplementary Fig. 8a ). Worm OTUB1 is a weaker inhibitor of UBC13, as reflected in its higher K d of 58.5 mM compared to 7.04 mM for human OTUB1 (Supplementary Fig. 8b ). Crystals of the worm OTUB1-Ubal-UBC13 DCA ,Ub complex contain four complexes in the P2 1 2 1 2 1 asymmetric unit. The ubiquitin conjugated to UBC13 could be unambiguously positioned in two of the four complexes (Supplementary Fig. 9 ); our discussion focuses on the complex with the most well-ordered ubiquitin (complex 1). Because the N terminus of OTUB1 that plays a key role in inhibition is poorly conserved between human and worm OTUB1, we also determined the 3.1 Å resolution structure of a quaternary complex with a hybrid OTUB1 containing the N-terminal 45 residues of human OTUB1 and the OTU domain of worm OTUB1 (Supplementary Fig. 7b ). The hybrid human/worm OTUB1 inhibits K63Ub synthesis by UBC13-UEV1A (Supplementary Fig. 10 ). Details on all structure determinations are in Supplementary Methods and statistics are in Supplementary Table 1.
In the structure of apo worm OTUB1 bound to UBC13 (Fig. 2a) , the OTU domain of worm OTUB1 binds to UBC13 in an orientation that places their respective active-site cysteines 28 Å apart on the same face of the complex, burying 1,280 Å 2 of total surface area. Of the 12 worm OTUB1 side chains at the interface with UBC13 (Fig. 2b) , seven are identical in human OTUB1 and four are similar ( Supplementary Fig. 7a ) and can mediate comparable interactions with UBC13. Consistent with this, the double substitution Y170A/F138A in human OTUB1 (Y168A/F135A in worm OTUB1) is defective in binding to UBC13 ( Supplementary Fig. 11 ). Similar interactions could form between OTUB1 and UBE2D2 (also known as UBCH5B) (Fig. 2c ), but clashes due to an insertion and a non-conserved lysine would arise with UBE2L3 (also known as UBCH7), consistent with the observation that OTUB1 inhibits UBCH5B but not UBCH7 (ref. 4 ).
An overview of the human/worm OTUB1-Ubal-UBC13 DCA ,Ub complex is shown in Fig. 2d , e. Ubal binds to the OTUB1 distal site while the donor ubiquitin in the UBC13,Ub conjugate binds in the OTUB1 proximal site, which comprises residues in both the OTU domain and the N terminus. In the absence of bound ubiquitin, the worm OTUB1 N terminus (residues 1-37, corresponding to human OTUB1 residues 1-39) is disordered (Fig. 2a) . However, in the OTUB1-Ubal-UBC13 DCA ,Ub complexes, part of the N terminus of OTUB1 becomes ordered, forming a ubiquitin-binding helix that contacts the donor ubiquitin in the distal site (Fig. 2e) . Additional 
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contacts with the donor ubiquitin are mediated by the OTU domain which, as described below, undergoes a set of conformational changes triggered by Ubal binding to the distal site.
The donor ubiquitin binds to the proximal site of OTUB1 (Fig. 2d ) in an orientation that places K48 of the ubiquitin near the OTUB1 active site (Fig. 2e) . A K48 isopeptide linkage can be modelled between the proximal and distal ubiquitins, consistent with OTUB1 isopeptidase specificity for K48-linked diubiquitin 5 . Residues 73-76 of the donor ubiquitin and the DCA linkage are not visible in the electron density map, indicating that they do not adopt a unique conformation in the crystal. The distance between the C-terminal ubiquitin residue and the active-site cysteine is approximately 12.5 Å , which is sufficient to accommodate the four missing residues and a native thiolester linkage. The donor ubiquitin interface with the OTU domain buries 850 Å 2 of surface area. Ubiquitin side chains that lie between residues 54-60 contact the OTU domain, forming both direct and water-mediated hydrogen bonds and van der Waals interactions (Fig. 2f) . Three of the contacting worm OTUB1 side chains are R236, Y233 and D235, which are only in a position to contact ubiquitin in the quaternary complex.
The observed contacts between the donor ubiquitin and the OTU domain depend upon distal site binding of Ubal, which forms a covalent bond with the active-site cysteine ( Supplementary Fig. 12 ) and triggers conformational changes in three regions of the globular OTU domain (Fig. 3a) . Ubal binds to the distal ubiquitin binding site of OTUB1 (Fig. 3b) in a manner similar to yeast 8 and viral [12] [13] [14] OTU enzymes, and accounts for the effects of mutations in the OTUB1 distal site (Fig. 1d) . A loop (residues 235-245) that partially occludes the distal site in the absence of ubiquitin undergoes a large rearrangement that relieves steric clashes with the distal ubiquitin and positions R236 of worm OTUB1 to make multiple contacts with the donor ubiquitin bound in the proximal site of OTUB1 (Fig. 3c) . In the structure of apo human OTUB1 (ref. 9), this residue is disordered (backbone and side-chain atoms) and lies in a loop that presumably changes conformation upon distal ubiquitin binding. Mutating the conserved arginine to glutamic acid in both human (R238E) and worm (R236E) OTUB1 disrupts inhibition (Fig. 3d) , consistent with its role in binding the donor ubiquitin. Interestingly, the corresponding residue is a glutamic acid in OTUB2, which lacks an N-terminal arm and does not inhibit UBC13 (ref. 4). Y233, which occludes the distal site in apo worm OTUB1 and undergoes a conformational change to hydrogen bond with the distal Ub (Fig. 3c) , is conserved in human OTUB1 (Supplementary Fig. 7a ). Another set of conformational changes in the loop connecting helices 1 and 2 of OTUB1 flips the solvent exposed Y57 side chain into the interior of the OTU domain, where it stacks between F65 and E56 (Fig. 3e) . The altered loop conformation relieves steric clashes with the donor ubiquitin that would otherwise occur. Binding of the distal ubiquitin is accompanied by additional local rearrangements that narrow the binding cleft around the ubiquitin C-terminal tail (Fig. 3e) and moves the worm OTUB1 active-site histidine, H267, into a position between D269 and C88 to activate the cysteine for catalysis (Fig. 3f) .
The OTUB1 N-terminal ubiquitin-binding helix seen in the structure spans residues 28-39 of worm OTUB1 (complex 1) and 25-44 of human OTUB1 (Figs 4a-c) , burying 542 Å 2 and 626 Å 2 , respectively, on the donor ubiquitin (electron density shown in Supplementary  Fig. 13 ). The helix interacts with the donor ubiquitin in a manner reminiscent of the RAP80 UIM 15 (Fig. 4d) . Despite limited sequence identity between the worm OTUB1 and human OTUB1 N terminus (Fig. 4a) , the three side chains that contact the donor ubiquitin in the 2.35 Å resolution structure of worm OTUB1 (Fig. 4b) are conserved in human OTUB1 (Fig. 4a) and are oriented towards ubiquitin in the same manner in the 3.1 Å resolution human/worm OTUB1 structure (Fig. 4c) . In the worm OTUB1 complex (Fig. 4b) , residues E37 and I34 contact donor ubiquitin residue H68 while Q33 interacts with backbone atoms. In the structure containing the human N terminus, the helix extends beyond the donor ubiquitin and approaches the UBC13 active-site cysteine (Fig. 4c) . It is possible that additional residues may be ordered when the complex is in solution, as nine residues from the minimal human OTUB1D15 fragment that exhibits full activity (Fig. 1d) are missing from the human/worm OTUB1 complex structure. It is not clear whether the shorter helix observed in the worm OTUB1 complex reflects a structural difference in solution, or whether crystal contacts interfere with helix formation. The close approach of the OTUB1 N terminus to the donor ubiquitin C terminus in both complexes (Figs 4b, c) leaves open the possibility that additional contacts may form with the donor ubiquitin tail linked to UBC13 via a native thiolester.
The structures show how OTUB1 interferes with UEV binding and positioning of the acceptor ubiquitin, and also occludes the RING E3 
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binding site. Figure 4e shows a superposition with the structure of a UBC13-UEV1 complex 16 showing that the N-terminal helix of human OTUB1 clashes with the expected location of UEV1. Modelling of the predicted position of the acceptor ubiquitin based on the structure of yeast UBC13,Ub-Mms2 (ref. 17) shows the N terminus of OTUB1 in a position to interfere with attack by the acceptor ubiquitin lysine on the thiolester (Fig. 4f) . Because OTUB1 also inhibits UBCH5B 4 , which does not function with a UEV, we propose that the OTUB1 N terminus may also interfere with acceptor ubiquitin binding for other E2s. The repositioning of the donor ubiquitin away from the E2 also probably contributes to inhibition, in light of evidence that the donor ubiquitin in the E2-Ub thiolester interacts specifically with the E2 (refs 18, 19) and that this is essential for ubiquitin transfer 6, 7 . In addition, superposition with the structure of UBC13 bound to TRAF6 (ref. 20) shows that the OTUB1 binding site overlaps with the E3 RING-binding site (Fig. 4g) , indicating that competition between OTUB1 and RNF168 would further suppress UBC13 activity in vivo. Competition with E3 binding is likely to be particularly important for OTUB1 inhibition of UBCH5B which, unlike UBC13, is strictly dependent upon an E3 ligase for activity.
The ability of OTUB1 to serve as both an isopeptidase and an inhibitor of E2 enzyme activity arises from its ability to bind to selected E2s, while taking advantage of the allosteric communication between the proximal and distal ubiquitin binding sites of OTUB1 and the distinctive features of its N terminus. Given the high degree of coupling between the multiple binding interactions within the OTUB1-Ub-UBC13,Ub complex, the degree of inhibition in vivo will clearly depend upon the relative concentrations of OTUB1, E2,Ub thiolester, E3 and free ubiquitin in the cell. An interesting question is whether the dependence of OTUB1 repression on ubiquitin binding to the distal site is exploited to modulate OTUB1 activity in response to fluctuations in the concentration of free ubiquitin or of free chains, whose C-terminal subunits could similarly bind to the distal site of OTUB1. Our findings establish new directions for investigating how the allosteric regulation of OTUB1 may be exploited to regulate ubiquitination in the DNA damage response.
METHODS SUMMARY
Cloning, expression, protein purification and crystallization are described in Methods and in accompanying references 5 . The DCA linkage between the activesite cysteine of UBC13 and a C-terminal cysteine in Ub(G75C) or Ub(G76C) was generated by a modification of the published method 11 . The hybrid human/worm OTUB1 protein contains residues 1-45 of human OTUB1 and residues 43-276 of worm OTUB1. Structures were determined by molecular replacement as described in Methods. Free ubiquitin chain synthesis was assayed by gel electrophoresis and products were detected by western blot with anti-ubiquitin antibody or by Coomassie staining. Pull-down assays were performed with purified recombinant protein. Assays of complex formation between OTUB1, UBC13, UBC13 DCA ,Ub and UEV1A were performed by gel filtration with fluorescein-labelled UEV1A or UEV1, monitoring fluorescein absorbance at 495 nm. Binding of OTUB1 to UBC13 was measured by fluorescence anisotropy using fluorescently labelled UBC13, and equilibrium dissociation constants were calculated using SigmaPlot (SPSS).
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Cloning and mutagenesis. Cloning of human and C. elegans OTUB1 (human OTUB1 and worm OTUB1, respectively) was performed as described previously 5 .
The human UBC13 open reading frame was amplified from a human complementary DNA library and cloned into a pET vector containing an N-terminal His 6 -SUMO-2 tag (pETSUMO-2) The human UEV1A ORF was synthesized (Integrated DNA Technologies) and subcloned into the pETSUMO-2 vector as above. The human UEV1 (missing the first 30 residues of UEV1A) expression plasmid was purchased from Addgene (http://www.addgene.org)
Mutants of human OTUB1 were generated by site-directed mutagenesis using the QuikChange mutagenesis kit (Stratagene) following the manufacturer's protocol. The hybrid human/worm OTUB1 was generated by swapping the first 41 residues of worm OTUB1 with the first 45 residues of human OTUB1 using Infusion ligasefree cloning (Clontech). Human OTUB1 with an N-terminal 41-residue truncation (OTUB1DN41) was generated as previously described 5 , all other OTUB1 deletions were generated using Infusion ligase-free cloning (Clontech). Protein expression and purification. All proteins were expressed in Escherichia coli Rosetta-2 (DE3) cells grown in Luria-Bertani (LB) medium. Cultures were inoculated using 1% (v/v) overnight saturated cultures and were grown at 37 uC to an OD 600 of 0.8. Proteins were induced at 16 uC overnight by addition of 1 mM isopropyl-b-D-thio-galactoside (IPTG). Cells were harvested by centrifugation (8,000g, 15 min) and either lysed immediately or stored at 280 uC for later use.
Human OTUB1, worm OTUB1, human E1 enzyme and ubiquitin were purified as previously described 5, 21 . Deletions and mutants of human and C. elegans OTUB1 and of ubiquitin were purified according to the same protocol as the wild-type proteins. UBC13 and UEV1A were purified by resuspending cell pellets in lysis buffer (20 mM HEPES pH 7.3, 300 mM NaCl, 10 mM imidazole, 2 mM b-mercaptoethanol) after adding 0.1 mM phenyl-methyl sulphonyl fluoride (PMSF). Cells were disrupted using a Microfluidizer (Microfluidics) and the lysate was centrifuged to remove cell debris. The lysate was subjected to immobilized metal affinity chromatography (IMAC) using 5 ml His-Trap columns (GE Biosciences) developed with a linear imidazole gradient of 25-400 mM in 20 column volumes. Fractions containing purified protein were pooled, SENP-2 protease was added in a ratio of 1:100 to cleave off the His-SUMO-2 tag, and pooled fractions were dialysed overnight at 4 uC against lysis buffer. Cleaved protein was then subjected to a second round of IMAC and the cleaved protein was collected from the flow-through. Proteins were then purified by gel filtration on a Superdex 75 column (GE Healthcare), dialysed into 20 mM HEPES, pH 7.3, 150 mM NaCl and 1 mM dithiothreitol (DTT), concentrated and stored at 280 uC. Proteins for crystallization, enzyme assays and binding studies were .98% pure as visualized on a Coomassie-stained gel. His 6 -tagged human OTUB1 used in pull-down assays was ,90% pure. Protein modifications. UBC13, UEV1A and UEV1 were labelled with fluorescein-5-maleimide (Invitrogen) as described in the manufacturer's protocol. Ubiquitin aldehyde was prepared as described 22 . Preparation of UBC13 Ub conjugates. UBC13(C87S),Ub oxyester was prepared as previously described 17 . The UBC13 DCA ,Ub covalent conjugate was prepared according to a modification of the protocol from ref. 11. Purified ubiquitin containing the substitution G76C (Ub(G76C)) or G75C (Ub(G75C)) and UBC13 were dialysed separately overnight into 20 mM sodium borate buffer, pH 8.0 and 2 mM TCEP (tris(2-carboxyethyl)phosphine), mixed in the proportion of 1 mM Ub(G76C) or Ub(G75C) to 330 mM UBC13, and incubated on ice for 15 min. A stock of 20 mM 1,3-dichloroacetone (DCA) was prepared in dimethylformamide (DMF) and added to the conjugation reaction to a final concentration of 0.8 mM DCA. The reaction was stopped after 1 h by addition of 10 mM b-mercaptoethanol. The coupling efficiency was approximately 50%. For the Ub(G76C) reaction, the mix was diluted tenfold with 10 mM Tris, pH 8, loaded onto a mono Q column (GE Healthcare) pre equilibrated with 10 mM Tris, pH 8. Free Ub(G76C) eluted in the flow-through and UBC13 DCA ,Ub eluted together with unconjugated UBC13 in 180 mM NaCl in 20 mM Tris, pH 8. For the Ub(G75C) reaction, UBC13 DCA ,Ub(G75C) was purified by gel filtration on a Superdex 75 column pre-equilibrated with 20 mM HEPES pH 7.3, 100 mM NaCl and 2 mM DTT. The separation efficiency was about 10% of the total amount of UBC13 DCA ,Ub(G75C) in the reaction mix. Purification of worm OTUB1-Ubal-UBC13 DCA Ub(G76C) quaternary complex. Worm OTUB1 was incubated on ice with Ubal in a 1:4 molar ratio for 15 min and added to the purified apo human UBC13 and UBC13 DCA ,Ub mixture such that UBC13 DCA ,Ub was in twofold excess over worm OTUB1, as estimated by gel electrophoresis. The mixture was incubated for another 15 min on ice and loaded onto a Superdex 200 column (GE Healthcare) pre-equilibrated with 20 mM Tris, pH 7.45, 150 mM NaCl and 2 mM DTT. The OTUB1-Ubal-UBC13 DCA ,Ub complex eluted as a single peak and was concentrated to 10 mg ml 21 and stored at 280 uC.
Crystallization. All crystals were grown by the hanging-drop vapour diffusion method at 20 uC. A worm OTUB1-UBC13 complex was prepared by incubating worm OTUB1 and human UBC13 at a molar ratio of 1:1 and total protein concentration of 26 mg ml 21 for 10 min at room temperature. Crystals were grown from a 1:1 mix of protein and well solution containing 100 mM sodium cacodylate, pH 6.5 and 1 M trisodium citrate and appeared in about 2-3 days. Crystals were transferred to cryoprotectant consisting of well solution plus 20% ethylene glycol and then flash-frozen in liquid nitrogen.
Crystals of the worm OTUB1-Ubal-UBC13 DCA ,Ub complex were grown from a 1:1 mix of complex (10 mg ml 21 ) with well solution containing 100 mM Bis-Tris pH 6.5, 23% PEG 3350 and 0.26-0.3 M sodium chloride. Crystals appeared in about 1-2 days, were cryoprotected by well solution with added 15% ethylene glycol and then flash-frozen in liquid nitrogen.
Crystals of the human/worm OTUB1-Ubal-UBC13 DCA ,Ub complex were grown from a 1:1 mix of complex (10 mg ml 21 ) with well solution containing 100 mM MES pH 6.5, 21% PEG 10,000 and 0.1 M sodium chloride. Crystals appeared in about 2-3 days, were cryoprotected by well solution with added 15% ethylene glycol and then flash-frozen in liquid nitrogen Structure determination. Diffraction data were recorded at the GM/CA-CAT beamline 23-ID-D/B at the Advanced Photon Source under standard cryogenic conditions and processed with iMOSFLM 23 for worm OTUB1-human UBC13 crystals and HKL2000 24 for the worm OTUB1-Ubal-UBC13 DCA ,Ub crystals. For the worm OTUB1-Ubal-UBC13 DCA ,Ub structure two data sets were collected from a single crystal, merged and processed with HKL2000 24 . All data were collected at a wavelength of 1.033 Å . The structure of worm OTUB1-UBC13 was determined by molecular replacement with Phaser 25 using structures of UBC13 (1J7D) and apo human OTUB1 (2ZFY). The structure of worm OTUB1-Ubal-UBC13 DCA ,Ub was determined by molecular replacement with Molrep 26 using structures of the worm OTUB1-human UBC13 complex and ubiquitin (from 2GMI). The initial molecular replacement search performed with the worm OTUB1-UBC13 complex located four complexes in the asymmetric unit. The resulting positions of the OTUB1-UBC13 complexes were then fixed and ubiquitin was used as search model to locate the four ubiquitin aldehydes in the crystal. The position of the worm OTUB1-Ubal-UBC13 complex was fixed and another search with ubiquitin (1-71) located two molecules of donor ubiquitin in the asymmetric unit. The structure of human/worm OTUB1-Ubal-UBC13 DCA ,Ub was determined by molecular replacement with Phaser using one complex of worm OTUB1-Ubal-human UBC13,Ub lacking the first 42 residues of worm OTUB1.
All structures were subjected to multiple rounds of manual correction and refinement using COOT 27 and Phenix
28
. The final stages of refinement for the worm OTUB1-Ubal-UBC13 DCA ,Ub complex and human/worm OTUB1-Ubal-UBC13 DCA ,Ub ternary complex were done using REFMAC5 29 . Simulated annealing omit maps were calculated with CNS 30 and used to verify selected portions of the model.
The final model of worm OTUB1-human UBC13 complex includes residues 38-275 of worm OTUB1 and 3-152 of human UBC13. The final model of worm OTUB1-Ubal-UBC13 DCA ,Ub includes four complexes in the asymmetric unit: two containing all four proteins (worm OTUB1, Ubal, human UBC13 and Ub) and two lacking the donor ubiquitin conjugated to UBC13. There is no density in any of the complexes corresponding to the five C-terminal amino acids of ubiquitin or to the DCA linkage, which connects ubiquitin to the human UBC13 activesite cysteine. The number of worm OTUB1 N-terminal residues visible in the map differs among the four complexes as follows: complex 1, 28-275; complex 2, 31-275; complex 3, 36-276; complex 4, 38-276. The final model of the human/worm OTUB1-Ubal-UBC13 DCA ,Ub complex includes residues 20-275 of human/ worm OTUB1, 3-151 of human UBC13, 1-76 of Ubal and 1-72 of ubiquitin.
Protein-protein interaction surfaces were analysed using the PISA server at EBI (http://www.pdbe.org/PISA) and manually inspected using COOT and PYMOL (http://www.pymol.org). Figures were generated with PYMOL. Fluorescence polarization binding assay. Fluorescein-labelled human UBC13 (20 nM) was incubated with increasing concentrations of human OTUB1 wild typeor mutants in20 mMTris,pH 7.6,150 mMNaCl and 10 mMb-mercaptoethanol. Polarization measurements were recorded at 25 uC with an ISS Chronos Fluorescence Lifetime Spectrometer at excitation and emission wavelengths of 492 and 520 nm, respectively. Binding data were analysed and K d values were calculated by nonlinear regression in SigmaPlot (SPSS). UEV binding assay. UEV1A and UEV1 were fluorescein-labelled; all other proteins are unlabelled. The experiment was performed with an analytical Superdex 75 column pre-equilibrated with 20 mM HEPES pH 7.3, 100 mM NaCl and 2 mM DTT. Absorbance was detected at 495 nm to monitor the presence of labelled UEV1A or UEV1. For each run, proteins were incubated for 20 min on ice before loading onto the column. The protein concentrations used in the different experiments were: Fig. 1e , UEV1A 20 mM, UBC13 40 mM and human OTUB1 LETTER RESEARCH
